species whose habitats were seawater were transferred to the new genus Rhodovulum, and, as a result, the genus Rhodobacter involved only species whose habitats were freshwater. At present Rhodobacter is a monophyletic genus in the Proteobacteria a-3 subgroup.
As described in previous reports, the marine nonphotosynthetic bacterium Agrobacterium ferrugineum IAM 12616
T formed one cluster with the species of the genus Rhodobacter in phylogenetic trees based on nucleotide sequences of 16S rRNA (Uchino et al., 1997 (Uchino et al., , 1998 . Agrobacterium ferrugineum did not grow phototrophically under anoxic conditions, and the bacteriochlorophyll a (BChl a), intracytoplasmic membrane systems and genes for photosynthesis, e.g., puf L and puf M coding subunits L and M of the photosynthetic reaction center could not be detected. Hence, the monophyly of the phototrophic members of Rhodobacter was disturbed by non-photosynthetic Agrobacterium ferrugineum, and the genus Rhodobacter became a paraphyletic group. In a previous report, we deferred an official nomenclatural proposal for A. ferrugineum until more phenotypic information was available.
In this study, we tried to detect genes for photosynthesis in A. ferrugineum using PCR and Southern hybridization methods. The target genes were puf L and puf M genes, and puhA gene coding subunit H of the reaction center. If these genes can be found in A. ferrugineum, it may suggest that A. ferrugineum is a variant of the photosynthetic bacterium, and we can propose A. ferrugineum as species of genus Rhodobacter.
In this study, we performed the multigene phylogenetic analyses based on nucleotide sequences of 23S rRNA and amino acid sequences of subunit B of DNA gyrase adding the information based on the 16S rRNA to clarify the phylogeny of the organisms. (Kawasaki et al., 1992) to which a sulfide solution had been added, and Rhodovulum strictum JCM 9220 T was grown phototrophically at 27°C in MMYS-II (Hiraishi and Ueda, 1995) . Tests to determine NaCl ranges for growth were performed with PY medium containing different concentrations of NaCl (0-20% fied by PCR using conserved primers 16SF01 (5Ј-AC-CGCCCGTCACACC-3Ј) and 5SR01 (5Ј-SYGTTCG-GRAWGGGA-3Ј) (Ludwig et al., 1992) . The PCR temperature control was done by using the following thermal profile: after initial denaturation at 94°C for 2 min, a total of 35 cycles of amplification were performed with template DNA denaturation at 94°C for 1.5 min, primer annealing at 50°C for 1 min and primer extension at 72°C for 2.5 min, and final extension at 72°C for 10 min. The PCR products were purified using Ultrafree-MC centrifugal filter units (Millipore Corp., Bedford, MA, USA). Sequencing was carried out using an ABI PRISM TM Big-Dye terminator Cycle Sequencing
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Ready Reaction Kit (Perkin-Elmer Co., Foster City, CA, USA) and a model ABI 310 Genetic Analyzer (Perkin-Elmer Co.) according to the manufacturer's instructions. The sequencing primers used are listed in Table 1 . The primers in this study included degenerated primers (the mixture of some kinds of oligonucleotides). gyrB sequencing. The protocol for determining the gyrB sequences was almost the same as that described by Yamamoto and Harayama (1995 T were amplified by PCR using primers UP-1E (Yamamoto et al., 1999) and UP-2r (Yamamoto and Harayama, 1995 Phylogenetic analysis. The phylogenetic analysis based on nucleotide sequences of 16S rRNA and 23S rRNA and amino acid sequences of DNA gyrase B subunit were performed. The 16S rDNA sequences of the following 33 species were newly obtained from the DNA data bank, and used with the previous data (Uchino et al., 1998) .
Antarctobacter heliothermus (accession number: Y11552), Brucella melitensis (AF220147), Caulobacter crescentus (NC_002696), Hyphomonas adhaerens (AF082790), Hyphomonas hirschiana (AF082794), Hyphomonas johnsonii (AF082791), Hyphomonas neptunium (AF082798), Hyphomonas oceanitis (AF082797),
Staleya guttiformis (Y16427), Sulfitobacter brevis (Y16425), Sulfitobacter mediterraneus (Y17387), and Zymomonas mobilis (AF088897).
The 23S rDNA sequences of the following 9 species were obtained from the DNA databank and used with the data determined in this study: Brucella melitensis
and Zymomonas mobilis (AF088897).
The DNA gyrase B subunit sequences of the following 6 species were obtained from the DNA databank and used with the data determined in this study: Bru- 
The abbreviation R meant adenine or guanine; S, cytosine or guanine; W, adenine or thymine; and Y, cytosine or thymine, respectively.
cella melitensis (NC_003317), Caulobacter crescentus (NC_002696), Escherichia coli (NC_000913), Mesorhizobium loti (AP003005), Sinorhizobium meliloti (NC_003047), and Zymomonas mobilis (AF088897).
The sequences were aligned using Clustal W version 1.8 (Macintosh) (Thompson et al., 1994) . Finally, the alignment was refined manually, and the positions with gaps and undetermined and ambiguous sequences were removed for subsequent phylogenetic analyses. The phylogenetic analyses were performed by the neighbor-joining (NJ) method and the maximum-likelihood (ML) method (Felsenstein, 1981; Saitou and Nei, 1987) . The NJ analysis was performed using Clustal W version 1.8 (Mac) and PAUP* version 4.0b8 (Mac) (Swofford, 2000) . The distance was calculated by the method of Jukes-Cantor (1969) and Kimura 2-parameter (Kimura, 1980) . The statistical significance of the tree branches was assessed by bootstrap analysis, involving the construction of 1,000 trees from resampled data (Felsenstein, 1985) . ML analysis was performed by MOLPHY version 2.3b (UNIX) (Adachi and Hasegawa, 1996) . The local bootstrap probabilities (LBPs) were calculated as the statistical confidences of the tree branches (Hasegawa and Kishino, 1994) .
Southern hybridization. Southern hybridization was performed for the detection of photosynthetic genes (e.g., puf L) in A. ferrugineum IAM 12616
T . DIG-labeled hybridization probe was generated with the PCR DIG Probe Synthesis Kit (Roche Molecular Biochemicals, Mannheim, Germany) from Rba. sphaeroides ATCC 11167 T chromosomal DNA template by using primers pufL1F (TTCGACTTCTGGGT) and pufL3R (CCGATC-GAATAGCC). Total genomic DNA from A. ferrugineum and Rba. sphaeroides was extracted by using the lysozyme, proteinase K, phenol/chloroform/isoamyl alcohol, SDS, and RNase A (Marmur, 1961) . The genomic DNA was digested with the restriction enzyme EcoR I. The digested DNA and l-EcoT14 I DNA standard marker were electrophoresed on 1% agarose gel and transferred onto positively charged nylon membranes (Roche Molecular Biochemicals, Mannheim, Germany). Hybridization and detection of the probe were performed using a DIG Luminescent Detection Kit (Roche Molecular Biochemicals) according to its manufacturer's protocol. Detection of genes related to photosynthesis by PCR. Chromosomal DNA was extracted and purified by the method of Marmur (1961) . The photosynthetic genes (e.g., puf L, puf M and puhA) were detected by amplifying their partial DNA fragments by PCR using chromosomal DNA, TaKaRa Ex Taq (TaKaRa Shuzo, Kyoto, Japan), and the primer sets ( Table 2 ). The PCR temperature control was done by using the following thermal profile: after initial denaturation at 98°C for 2 min, a total of 35 cycles of amplification were performed with template DNA denaturation at 98°C for 45 s, primer annealing at 45, 50 or 60°C for 45 s and primer extension at 72°C for 1 min, and final extension at 72°C for 10 min.
DNA base composition. Chromosomal DNA was extracted and purified by the method of Marmur (1961) . The DNA was hydrolyzed with P1 nuclease and the nucleotides were dephosphorylated with alkaline phosphatase. The resulting deoxyribonucleosides were analyzed by HPLC (Mesbah and Whitman, 1989) .
Results
16S rDNA phylogenetic analysis
Sequences were aligned, and the positions with gaps and the undetermined and ambiguous sequences were removed, and finally, 1,063 sites were used for this phylogenetic analyses. Escherichia coli K12 was included as an outgroup. Figure 1 shows the NJ tree from distances estimated by a Kimura 2-parameter model. Agrobacterium ferrugineum formed a cluster with the species of the genus Rhodobacter, 312 UCHINO, HAMADA, and YOKOTA Vol. 48 Table 2 . Primer sequences of puf L, puf M, and puhA genes for PCR and sequence reaction. pufL1F 5Ј-TTCGACTTCTGGGT OH-3Ј pufL2F 5Ј-TATGTCGGCTTCTTCGG OH-3Ј pufL3R 5Ј-CCGATCGAATAGCC OH-3Ј pufL4R 5Ј-CCACCAGTTCCACCA OH-3Ј pufM1F 5Ј-ATGGCTGAGTATCA OH-3Ј pufM2F 5Ј-CAGATCGGGCCGATCTA OH-3Ј pufM3R 5Ј-AAGCCCATCGTCCAGCGCCAGAA OH-3Ј pufM4R 5Ј-CCAGACGTACCAGTTGTC OH-3Ј pufL1R 5Ј-ACCCAGAAGTCGAA OH-3Ј pufL3F 5Ј-GGCTATTCGATCGG OH-3Ј pufM2R 5Ј-TAGATCGGCCCGATCTG OH-3Ј puhA1F 5Ј-GAGRAYMKNCGCGARGGCTAYCC-3Ј puhA1R 5Ј-TAGSCNSANAYCTTGTCYTCTT-3Ј
The abbreviation K meant guanine or thymine; M, adenine or cytosine; R, adenine or guanine; S, cytosine or guanine; W, adenine or thymine; and Y, cytosine or thymine, respectively. 
23S rDNA sequencing and phylogenetic analysis
Sequences of the 23S rDNA involving a part of 16S rDNA and 5S rDNA of A. ferrugineum IAM 12616 T , Rba. azotoformans, Rba. blasticus and Rba. veldkampii determined in this study were deposited in the DNA Data Bank of Japan (DDBJ) under serial accession numbers AB050736, AB050733, AB050734 and AB050735, respectively. The positions with gaps and the undetermined and ambiguous sequences were removed, and finally, 2,658 sites were used for this phylogenetic analysis. Figure 2 shows the NJ tree from distances estimated by a Kimura 2-parameter model. Agrobacterium ferrugineum formed a cluster with the species of the genus Rhodobacter, Rba. blasticus, Rba. sphaeroides and Rba. azotoformans at 100% bootstrap value, and Rba. blasticus was nearer to A. ferrugineum. These two species formed a cluster at 99% bootstrap value. Rhodobacter capsulatus and Rba. veldkampii were not involved in the cluster consisting of the other species of Rhodobacter and A. ferrugineum. This species clustered with P. denitrificans at 57% bootstrap value. The topography of the NJ tree using a Jukes-Cantor model was similar to the topography using a Kimura 2-parameter model.
gyrB sequencing and phylogenetic analysis
The sequences determined in this study were parts coding two crystallographic domains of an N-terminal fragment of DNA gyrase B subunit (Reece and Maxwell, 1991 
Southern hybridization
The result of the Southern hybridization is shown in Fig. 4 . In lane 4 (Rba. sphaeroides), one strong signal (A) appeared at the position of about 10 to 15 kb, one weak signal (B) appeared below 10 kb and one weak signal (C) appeared at about 1.5 kb. The length of the Rba. sphaeroides genome fragment digested by EcoRI containing puf L is 11,845 bp to which the signal (A) is equivalent. Signals (B) and (C) were non-specific. In lane 5 (A. ferrugineum), no signals appeared.
These results suggested that Rba. sphaeroides had one copy of the puf L gene and A. ferrugineum did not have the puf L gene.
PCR-detection of genes related to photosynthesis
From the results of a pre-experiment using Rba. capsulatus, we decided to use the primer sets pufL1F-pufL3R (annealing: 50°C), pufM2F-pufM4R (50°C) and puhAF1-puhAR1 (60°C). The presence of puf L, puf M and puhA genes was confirmed in all species of Rhodobacter, but not in A. ferrugineum (Fig. 5, A-C) .
DNA base composition
The DNA GϩC content of A. ferrugineum IAM 12616 T was 58 mol% which is the same as in a previous report (Rüger and Höfle, 1992) . NaCl requirement Agrobacterium ferrugineum grew in the presence of 0 to 3% NaCl and required 1% NaCl for its optimum growth.
Discussion
In this report as well as in our previous report (Uchino et al., 1998) , the absence of puf genes in A. ferrugineum was proven from the result of searching by PCR using other primer sets and Southern hybridization. Furthermore, the presence of the puhA gene was denied by PCR with primers defined from puhA gene, too. Thus, A. ferrugineum does not seem to possess genes localized near the opposite ends of the photosynthesis gene cluster of Rba. capsulatus (Fig. 6 ). These data suggest that A. ferrugineum may have lost the whole photosynthetic gene cluster. This hypothesis provides the explanation why we were unable to detect BChl a in A. ferrugineum because the genes coding the enzymes for the synthesis of BChl a generally exist on the photosynthetic gene cluster of the related photosynthetic bacteria. No evidence was found for photosynthetic abilities of A. ferrugineum.
In this report as well as in the previous report (Uchino et al., 1998) , the close phylogenetic relationships between A. ferrugineum and the photosynthetic species of the genus Rhodobacter were strongly supported by the phylogenies based on various molecules (Figs. 1-3) . The topologies of the trees based on three different molecules (16S rRNA, 23S rRNA and DNA gyrases) are different from each other. But the stability of the clusters consisting of A. ferrugineum and some species of the genus Rhodobacter in these trees was supported by high bootstrap values. In the tree based on 16S rRNA, A. ferrugineum, Rba. azotoformans and Rba. sphaeroides formed a cluster at 100% bootstrap value (Fig. 1) . In the tree based on 23S rRNA, A. ferrugineum, Rba. azotoformans, Rba. blasticus and Rba. sphaeroides formed a cluster at 100% bootstrap value (Fig. 2) . In the tree based on DNA gyrase, A. ferrugineum, Rba. blasticus and Rba. capsulatus formed a cluster at 100% bootstrap value (Fig. 3) . These figures reflect that the genomes of A. ferrugineum and Rhodobacter species have a close relationship. In the trees based on 23S rRNA and DNA gyrases, Rba. veldkampii and Rba. capsulatus were separated from the other species of the genus Rhodobacter. If the number of Operational Taxonomic Units is increased, we think that Rhodobacter species may form one cluster in these trees.
The conclusion in the former report that (1) A. ferrugineum does not have photosynthetic activities and that (2) A. ferrugineum and the Rhodobacter species are closely related was not changed by data reported here.
At first, we thought that A. ferrugineum might possess part of the photosynthetic apparatus. Rhodobacter species can grow not only photosynthetically but also heterotrophically. Even if a Rhodobacter strain has a defect in the elements for photosynthesis and loses photosynthesis, it can survive. In such a case, probably, parts of the photosynthesis equipment will remain. If these genes could be found in A. ferrugineum, it might suggest that this strain was a mutant of photosynthetic bacterium, and A. ferrugineum could be proposed to be transferred to the genus Rhodobacter.
However, this does not seem to be the case for A. ferrugineum. Our experiments indicate that genes for photosynthesis seem to be absent in A. ferrugineum and the GϩC content of this species greatly differs from that of the Rhodobacter species (A. ferrugineum IAM 12616 T : 58%, Rhodobacter: 64-73%). It has been suggested that large-scale rearrangement events happened in the genome of this species. Possibly the photosynthesis gene cluster was lost at the time of such an event. Imhoff et al. (1984) stated that within a determinative taxonomic system the phototrophic bacteria should be treated separately from their non-phototrophic "relatives." At present, since there is no evidence showing the relation between A. ferrugineum and photosynthesis, we propose therefore the transfer of A. ferrugineum IAM 12616
T to the new genus Pseudorhodobacter as
Pseudorhodobacter ferrugineus.
Pseudorhodobacter ferrugineus has characteristics similar to the Rhodobacter species on the following point: growth occurs without NaCl in the culture Fig. 1 . NJ tree of Proteobacteria a-3 subgroup species based on 16S rDNA sequences. The tree was constructed by the NJ method from the data sets aligned on the 1,063 sites in 16S rDNA using CLUSTAL W. The percentage of bootstraps was derived from 1,000 resamplings. Bold lines indicated branches whose bootstrap values were more than 95%. Fig. 2 . NJ tree based on 23S rDNA sequences. The tree was constructed by the NJ method from the data sets aligned on the 2,658 sites in 23S rDNA using CLUSTAL W. The percentage of bootstraps was derived from 1,000 resamplings. Bold lines indicated branches whose bootstrap values were more than 95%. Fig. 3 . ML trees based on gyrB amino acid sequences. The tree was constructed by the ML method employing MOLPHY version 2.3b (UNIX) from the data sets aligned on the 101 sites in gyrB using CLUSTAL W. The local bootstrap probabilities (LBPs) were derived using ProtML. Bold lines indicated branches whose bootstrap values were more than 95%. medium (optimal NaCl concentration for growth of P. ferrugineus is 1%) and their major hydroxy fatty acid compositions are 3-hydroxy decanoic acids (3-OH 10:0) and 3-hydroxy tetradecanoic acids (3-OH 14:1). However, P. ferrugineus is clearly distinguishable from Rhodobacter species by the low GϩC content, an insertion in its 16S rRNA gene sequence, and the lack of photosynthetic abilities, bacteriochlorophyll a, intracytoplasmic membrane systems and the photosynthetic genes (Table 3) .
Descriptions
Description of Pseudorhodobacter gen. nov.
(Pseudorhodobacter Pseudo.rho.do.bac'ter; Gr. adj. pseudes false; Gr. n. rhodon rose; N.L. masc. n. bacter equivalent of Gr. neut. n. bakterion rod; N.L. masc. n. Pseudorhodobacter, false Rhodobacter red-colored rod)
The cells are gram-negative rods, 0.6 to 1.6 mm wide and 1.0 to 4.0 mm long, and do not form spores. Non-motile. Aerobic chemoorganotrophic bacterium with strictly respiratory type of metabolism with oxygen as terminal electron acceptor. No photosynthetic growth occurs under both oxic and anoxic conditions. Bacteriochlorophyll is absent. Oxidase and catalase are produced. The major quinone is ubiquinone 10. The major fatty acid is C 18:1 . The 3-hydroxy fatty acid is C 10:0 3-OH and C 14:1 3-OH. The 2-hydroxy fatty acids are absent. The GϩC content of the DNA is 58 mol%.
The type species is Pseudorhodobacter ferrugineus. The following description is based on our own observations and the previous description of the species by Rüger and Höfle (1992) . Colonies were circular; initially translucent, colorless or light brown; later dark brown with brown center. Nitrate is not reduced to nitrite or gas. Acids are produced from fructose and xylose after 4 to 6 weeks of incubation. Isolated from seawater of the Baltic Sea. Growth occurs in the presence of NaCl concentrations ranging from 0 to 3% (optimum NaCl concentration, 1%). The major quinone is ubiquinone 10. The major fatty acid is C 18:1 . The 3-hy- Agrobacterium ferrugineum does not have puf or puhA genes localized near the opposite ends of the photosynthesis gene cluster. droxy fatty acid is C 10:0 3-OH and C 14:1 3-OH. The 2-hydroxy fatty acids are absent. The GϩC content of the DNA is 58 mol%.
The type strain is IAM 12616 T (ϭATCC 25652 T ). a Imhoff et al. (1984) , and Hiraishi et al. (1996) .
b Ueda (1994, 1995) .
c Doronina et al. (2002) , Katayama et al. (1995) , Rainey et al. (1999) , and Tsubokura et al. (1999) .
d Maszenan et al. (1997) .
e No data.
